Introduction
Recently, laser-induced structural modification of materials has attracted much attention because of the spatial selectivity of the process and the ability to generate nanostructure or microstructure in the inside and on the surface of materials. The present authors' group [1] [2] [3] [4] [5] developed a technique for laser-induced crystallization in glass, which is called rare-earth atom heat processing (designated here as REAH processing). In REAH processing, a continuous-wave (cw) Nd: yttrium aluminum garnet (YAG) laser with λ=1064 nm was irradiated onto glasses containing Sm 2 O 3 (or Dy 2 O 3 ) and structural modification (refractive index change) or crystallization is induced through an absorption of YAG laser by Sm 3+ (or Dy 3+ ) and a nonradiative relaxation in the f-f transitions of rare-earth ions. Using this technique, we have reported the patterning of single-like crystal lines consisting of nonlinear optical Sm x Bi 1-x BO 3 and β-BaB 2 O 4 crystals in glasses. Nowadays, Gupta et al. [5] . The glasses were prepared using a conventional melt quenching method. Commercial powders of reagent grade oxides were used as starting materials. A mixed batch of 20g in weight was melted in a platinum crucible at 1350˚C for 40 min in an electric furnace. The melts were poured onto an iron plate and pressed to a thickness of ~1.5 mm with another iron plate. The glass transition, T g , crystallization onset, T x and crystallization peak, T p , temperatures were determined using a differential thermal analysis (DTA) at a heating rate of 10 K/min. The glasses were mechanically polished to a mirror finish with CeO 2 powders. Figure 1 shows the schematic diagram of the laser irradiation in our experimental set up. A cw Ybfiber laser with λ=1080 nm was introduced into a Nikon Ecripse 100 optical microscope and irradiated onto the glass surface using a 50X objective lens (numerical aperture: NA=0.80). The plateshape glasses were put on the stage and mechanically moved during laser irradiations to construct crystal lines. For a structural understanding of the crystal growth, polarization optical microscope observations were performed using an Olympus BX-51 microscope. An FEI XL-30 environmental scanning electron microscope (ESEM; FEI Company, Hillsboro, OR, USA) was used for imaging and identification of crystal lines (electron backscattered diffraction or EBSD). The identification used a TexSEM laboratories system, comprising of a phosphor screen and a Si-intensified target camera with associated image processing hardware. The morphology of crystal lines was observed with polarization optical microscopes. Micro-Raman scattering spectra and florescence spectra at room temperature for crystal lines were taken with a laser microscope (Tokyo Instruments Co., Nanofinder) operated at Ar + (488 nm, 10 mW) laser. in crystal lines was examined, in which linear poled He-Ne laser was introduced into the one end of crystal line with a length of 12 mm and observed from another end by using CCD camera.
Results and Discussions

Preparation of crystal lines
The DTA patterns for the melt-quenched samples indicated the values of T g = 564, T x = 683, T p = 694˚C for Cu-LNS glass and T g = 522, T x = 699 and T p = 731 ˚C for Sm-LNSB glass. Figure 2 shows the polarized optical micrographs for the lines obtained by laser irradiations on the glass surface with a suitable condition in the glasses. The optimal conditions of laser power and scanning speed are also shown in the figure. The structural modifications with a width of 2-5 µm giving a smooth retardation are clearly observed. There are clear polarization dependences in Fig. 2 . These results strongly suggest that LN crystal lines written in the samples are extremely homogeneous and having orientations. 
Electron Back Scattered Diffraction (EBSD) measurements
To identify the crystalline phase in laser written lines, we examined the electron backscattered diffraction measurements. Figure 3 is a high-resolution SEM image and EBSD patterns of the laser written pattern on Cu-LNS glass. It is clearly observed kikuchi lines on a laser inducing point because of the crystallization by laser irradiations. By analyzing the EBSD pattern, the crystalline phase was identified as LiNbO 3 crystal. By using the EBSD technique the crystal orientation can be determined. Figure 4 shows the inverse pole figure around the laser written region. The region of Figure 4(a) is the same as the SEM observed region which boxed with the green line and exhibits the (001) orientation. On the other hand, Figure  4 (b) exhibits the (100) orientation for the surface. We obtained the results of c-axis growth along with the scanning direction by means of polarized micro-Raman scattering spectroscopy [7] . The results of Figure 4(b) would support the c-axis growth obtained in the previous study [7] . In the present study, we obtained the a-axis growth along with the laser scanning direction at first. In the growth of LN single crystals, the preferred growth directions are a and c directions. 
Photoluminescence properties in rare-earth doped crystal lines
The optical properties of rare-earth (RE) doped crystals have been studied in detail due to their wide applications in optical devices. LN crystals developed as hosts for doping of optically active RE ions have a potential for luminescent materials generating laser light. It has been proposed that RE ions can substitute for Li + ions and form vacant sites. The photoluminescence spectra for the Cu-LNS sample in the wavelength of 490-575 nm are shown in Figure 5 .
In the Cu-LNS sample, strong peaks corresponding to the transition of 2 H 11/2 → 4 I 15/2 and 4 S 3/2 → 4 I 15/2 in Er 3+ ions are observed around 520-560 nm. As can be seen in Figure 5 , the intensities of both florescent peaks in the crystal line are smaller than those in the glass part in Er 3+ doped samples. Furthermore, the photoluminescence spectra for the crystal line split clearly into several components, indicating the appearance of Stark splitting. These features demonstrate that some Er 3+ ions are incorporated into LN lines written by laser irradiations. Figure 6 shows the results on the light transmission testing. A single-mode fiber coupled He-Ne laser (λ=632.8 nm) was introduced from an end of the mirror-finished face of laser written line with a length of 15 mm and observed from another end by CCD camera. The refractive index (n) of LN crystal has ~2.2. On the other hand, the glass phase showed the value of n=1.72 at λ=632.8 nm. Because of the difference in refractive index, it was confirmed that light is confined in the LN crystal line as shown in Figure 6 . This structure, i.e., LN crystal lines patterned on the glass surface, would be favorable in the design of optical waveguides.
The testing of optical waveguides
Conclusion
In this study we examined the writing of rare earth ion doped lithium niobate crystals on the glass surface by laser irradiation techniques. Smooth laser written LN crystals were formed, and it was confirmed from EBSD measurements that they exhibit a or c axis orientation. It was suggested from photoluminescence spectra that Er 3+ ions were incorporated into LN crystal lines. Laser written lines exhibited light confinements, proposing that materials and techniques used in this study have a high potential for active photonic device fabrications. 
